Muscarinic receptors, particularly the type 3 subtype (M3R), have an important role in exocrine secretion. M3R normally function in HSG cells originated from human submandibular gland ducts, but not in A253 and SGT cells, derived from human submandibular carcinoma and salivary gland adenocarcinoma. However, the underlying mechanism of this suppression has remained elusive. In this study, we examined whether M3R function is suppressed by epigenetic modulation of the receptor. To this end, we investigated the mRNA transcript and protein levels of the M3R using reverse transcriptase-PCR, western blot, and confocal microscopy analyses. Global DNA methylation assays, methylation-specific PCR, and bisulfite sequencing were also performed to understand the epigenetic status of the M3R CpG island. We found that A253 cells expressed all subtypes of muscarinic receptors, except M3R, on the mRNA level. However, treatment of cells with 5-aza-2 0 -deoxycytidine (5-Aza-CdR), a DNA-demethylating agent, increased the expression levels of both M3R mRNA transcript and protein in proportion to the incubation period. 5-Aza-CdR completely restored the carbacholinduced calcium response, which was not observed in untreated A253 cells. In untreated A253 cells, all CG pairs from the 1st to 14th were methylated and 5-Aza-CdR treatment demethylated one of the methylated CG pairs. We also examined the methylation pattern of M3R CpG island in human cancer tissue. Interestingly, the result was very similar to those of A253 cells. All CG pairs in M3R CpG island were also methylated. Another salivary gland tumor cell line, SGT, also showed the similar methylation pattern, heavy methylation in M3R CpG island. It is concluded that CpG island in M3R is hypermethylated in cancer cell lines and human cancer. Our results further suggest that 5-Aza-CdR could potentially be used to restore the function of M3R, suppressed in some cancer cell types. Epigenetic regulation by CpG methylation has an important role in tumorigenesis, and is also crucial to mounting a successful response to cancer therapy. CpG islands in DNA are methylated de novo in a tissue-specific manner, and the patterns of methylation are fixed in subsequent cell divisions by methyltransferase activity. 1 Recent studies have indicated that hypermethylation of CpG islands within the promoter and 5 0 regions of genes is an important epigenetic mechanism for suppressing gene expression. 2-4 DNA hypermethylation may directly affect the basal transcriptional machinery by altering the secondary structure of DNA and inducing chromosome remodeling through methyl group-binding proteins and histone deacetylase, thereby leading to transcriptional repression. 5 5-Aza-2 0 -deoxycytidine (5-Aza-CdR, decitabine) is a prodrug that has been shown to be phosphorylated, and thus activated, by deoxytidine kinase. 5-Aza-CdR is a nucleotide analog that is incorporated into DNA, where it irreversibly inactivates DNA methyltransferase (DNMT); 5-Aza-CdR is also an S-phase-specific agent. 6 The cytosine DNMT genes have a critical role in the establishment of the transcriptionally repressive complex. They function as de novo methylases to affect the methylation status of normally unmethylated CpG sites. 7 The demethylation of DNA by 5-Aza-CdR has also been shown to reactivate many genes that have been inactivated by hypermethylation. [8] [9] [10] [11] [12] Thus, reduction in DNMT activities that likely block epigenetically mediated gene silencing might provide a novel clinical strategy to help prevent the leading cause of cancer death. 13 Muscarinic cholinergic receptors are members of the heterotrimeric G-protein-coupled receptor (GPCR) superfamily.
Epigenetic regulation by CpG methylation has an important role in tumorigenesis, and is also crucial to mounting a successful response to cancer therapy. CpG islands in DNA are methylated de novo in a tissue-specific manner, and the patterns of methylation are fixed in subsequent cell divisions by methyltransferase activity. 1 Recent studies have indicated that hypermethylation of CpG islands within the promoter and 5 0 regions of genes is an important epigenetic mechanism for suppressing gene expression. [2] [3] [4] DNA hypermethylation may directly affect the basal transcriptional machinery by altering the secondary structure of DNA and inducing chromosome remodeling through methyl group-binding proteins and histone deacetylase, thereby leading to transcriptional repression. 5 5-Aza-2 0 -deoxycytidine (5-Aza-CdR, decitabine) is a prodrug that has been shown to be phosphorylated, and thus activated, by deoxytidine kinase. 5-Aza-CdR is a nucleotide analog that is incorporated into DNA, where it irreversibly inactivates DNA methyltransferase (DNMT); 5-Aza-CdR is also an S-phase-specific agent. 6 The cytosine DNMT genes have a critical role in the establishment of the transcriptionally repressive complex. They function as de novo methylases to affect the methylation status of normally unmethylated CpG sites. 7 The demethylation of DNA by 5-Aza-CdR has also been shown to reactivate many genes that have been inactivated by hypermethylation. [8] [9] [10] [11] [12] Thus, reduction in DNMT activities that likely block epigenetically mediated gene silencing might provide a novel clinical strategy to help prevent the leading cause of cancer death. 13 Muscarinic cholinergic receptors are members of the heterotrimeric G-protein-coupled receptor (GPCR) superfamily.
Muscarinic cholinergic receptors are abundant in the central nervous system, as well as in non-neural tissues that are innervated by the parasympathetic nervous system. There are five subtypes of muscarinic receptors, M1-M5, which encode muscarinic receptor proteins that exhibit a rhodopsin-like architecture with seven transmembrane domains. 14, 15 Changes in the expression and/or function of muscarinic receptors have been shown to be involved in many pathophysiological processes such as degenerative nervous diseases, chronic inflammation, and cancer. [16] [17] [18] In addition, muscarinic receptor activation has been shown to be involved in proliferation, angiogenesis, and tumor growth. 19, 20 However, the functional expression of the muscarinic type 3 receptor (M3R), a subtype that has a key role in secretory epithelia, has not yet been rigorously studied. In particular, the role of this subtype in cancer cells remains to be elucidated.
In this study, we investigated the extent to which epigenetic modulation modulates the expression of the M3R in A253 cells. These cells were originally derived from a submandibular gland carcinoma. 21 In A253 cells, functional expression of the M3R has not yet been described, even though these cells originate from secretory epithelia and the M3R is known to have an important role in secretion in this tissue. In contrast to HSG cells 22 , a [Ca 2 þ ] i response to the typical muscarinic agonist is not observed in A253 cells. Thus, we hypothesized that M3R function may be suppressed on the epigenetic level, which may also contribute to the development of submandibular gland tumors. We identified a causal relationship between hypermethylation of the CpG island and the expression level of the M3R in A253 cells. We also found that demethylation at CG sites may directly activate transcription of the M3R in A253 cells, indicating that the M3R CpG island is hypermethylated.
MATERIALS AND METHODS
Reagents 5-Aza-CdR was obtained from Sigma-Aldrich (St Louis, MO, USA). Antibodies against M3R were purchased from Abcam (Cambridge, UK).
Cell Culture HSG, A253 and SGT cells originating from human salivary glands were cultured in Dulbecco's modified Eagle's medium (Welgene, Daegu, South Korea) supplemented with 10% (v/v) fetal bovine serum (Welgene) and 1% penicillin/streptomycin (Life Technologies, Seoul, Korea). Cells were propagated at 37 1C in a humidified atmosphere of 5% CO 2 . A253 cells were pre-incubated with 5-Aza-CdR for times ranging from 4 h to 1 day, before the day indicated for each experiment.
Human Tissue
Human salivary gland cancer tissue was obtained from the patient with malignant neoplasm of parotid glands. After surgical excision, the tissues were immediately placed in cold (4 1C) physiological saline and transported to the laboratory for processing. Intact region of excised glands was used as control tissues. The use of human oral tissue specimens has followed ethical guidelines and certification approval established by the Institutional Review Board of Seoul National University Dental Hospital (CRI11023G).
Reverse Transcriptase-PCR HSG and A253 cells were harvested for RNA extraction. Total RNA was purified using Trizol (Invitrogen, Carlsbad, CA, USA). Reverse transcriptase with an oligo-dT primer (Invitrogen) was used to prepare cDNA from 1 mg of total RNA. PCR with specific primers was performed using 1 ml of cDNA. . PCR products were resolved using a Mupid-2 plus electrophoresis system (Optima, Tokyo, Japan) on 1.5% agarose gels (Sigma-Aldrich) containing 0.1 mg/ml ethidium bromide (Sigma-Aldrich). PCR products were visualized under UV light with a bioimaging system (TS-312 R; Spectroline, Westbury, NY, USA).
Membrane Preparation and Western Blot
Cultured cells were collected and lysed. Cell lysates were spun by centrifugation at 600 g at 4 1C, and the resultant supernatants were spun again at 20 000 g at 4 1C. 23 The pellets were solubilized and then subjected to SDS/PAGE and immunoblotting. Protein concentrations were measured using the BCA protein assay kit (Pierce, IL, USA), with bovine serum albumin used as a standard. Protein samples were resolved on 8% SDS-PAGE gels (Bio-Rad Laboratories). After electrophoretic separation using a Power-Pac Basic system (Bio-Rad Laboratories), the proteins were transferred to nitrocellulose membranes (Whatman, Dassel, Germany). The membranes were then blocked with 5% non-fat milk (Seoul-milk, Seoul, Korea) and probed with anti-M3R antibodies (1:1500 dilution; Abcam). After washing, membranes were then incubated with HRP-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immunoreactive bands were ultimately visualized using ECL reagents (iNtRON Biotechnology, Sungnam, Korea).
Immunofluorescence Confocal Laser Microscopy
To visualize the M3R, HSG and A253 cells (treated with or without 5-Aza-CdR) were grown on cell culture slides. Cells were washed three times with PBS, fixed in 4% paraformaldehyde at room temperature for 15 min, and incubated overnight at 4 1C with anti-human M3R antibodies (1:200; Abcam). Cells were washed three times with PBS containing 1% bovine serum albumin and then incubated for 1 h with Alexa Fluor 488 goat anti-rabbit IgG antibodies (1:200). All slides were mounted using VECTASHIELD H-1200 with DAPI (Vector Laboratories, Burlingame, CA, USA), and images were captured on a laser scanning confocal microscope (Fluoview300; Olympus, Tokyo, Japan). 
Determination of 5-methylcytosine DNA Content
Genomic DNA was extracted from HSG and A253 cells, treated with or without 5-Aza-CdR, using a Qiagen Blood and Cell Culture DNA Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's recommendations. The global DNA methylation levels were then examined in the DNA samples isolated from these two salivary gland epithelial cell lines. The relative degrees of methylation in the DNA samples were quantified using a MethylFlash Methylated DNA Quantification Kit (Epigentek, Farmingdale, NY, USA) according to the manufacturer's instructions. Three replicates of each sample were performed.
Methylation-specific PCR and 5-Aza-2 0 -Deoxycytidine Treatment Bisulfite modification of genomic DNA was carried out using an EpiTect Bisulfite Kit (Qiagen). Methylation-specific PCR was performed using bisulfite-treated DNA as template, using specific primer sequences for either the methylated or unmethylated form of the gene. HSG and A253 cells were seeded in 100-mm culture dishes one day before treatment. Cells were then treated with 5-Aza-CdR (Sigma-Aldrich) at a final concentration of 10 mM for 1, 2, 3, and 4 days. Culture medium was renewed daily, and treated cells were collected at the end of the fourth day. Genomic DNA and total RNA were then isolated using a QIAamp DNA Blood Mini Kit and an RNeasy Mini Kit (Qiagen), respectively. PCR primers were designed using Methyl Primer Express Software, v1.0 (Applied Biosystems, Foster City, CA, USA). The following methylation-specific primers were used: M forward, 5
Bisulfite Sequencing In total, 2 mg of genomic DNA isolated from A253 and SGT cells, treated either with or without 5-Aza-CdR, and human tissues was modified with sodium bisulfite. 
Statistical Analysis
All experiments were conducted in triplicate. Statistically significant differences in the data were determined by Student's t-test, using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA). P-values less than 0.05 were considered statistically significant (designated with an asterisk; *Po0.05).
RESULTS

Muscarinic Receptor Subtypes in HSG and A253 Cells
We first examined the expression levels of various muscarinic receptor subtypes in two different salivary gland epithelial cell lines, HSG and A253. Reverse transcriptase-PCR (RT-PCR) was used to determine the mRNA expression levels of various muscarinic receptors. HSG cells, employed as a positive control, expressed all subtypes (1-5) of muscarinic receptors. A253 cells also expressed all subtypes of muscarinic receptors, with the exception of type 3. The M3R was expressed only at extremely low levels in A253 cells (Figure 1a ), as summarized in Figure 1b (n ¼ 3; ***Po0.001). These results indicated that expression of the M3R is suppressed in A253 cells. We next examined whether the low level of M3R mRNA expression is related to DNA methylation of the M3R CpG island.
Induction of the M3R in A253 Cells by Treatment with 5-Aza-CdR
We next examined whether the low expression level of the M3R is increased by 5-Aza-CdR treatment. A time-course analysis of RT-PCR data is shown in Figure 2a . Cells were incubated with 10 mM of 5-Aza-CdR, a well-characterized demethylating agent. At 24 h after 5-Aza-CdR treatment, the mRNA expression level of the M3R was significantly increased. Furthermore, the expression level of M3R mRNA gradually increased in proportion to the length of the incubation period; this trend was observed even in incubation periods lasting for 4 days. After 3 days of treatment with 5-Aza-CdR, the expression level of M3R mRNA in A253 cells was nearly the same as in HSG cells, as summarized in Figure 2b (n ¼ 3; *Po0.05; **Po0.01). The increased expression level of the M3R was further confirmed at the protein level using western blot analysis (Figure 2c ). Before 5-Aza-CdR treatment, only a relatively small amount of M3R protein was expressed in A253 cells. However, the amount of M3R protein increased significantly, in proportion to the length of the incubation period with 5-Aza-CdR, as summarized in Figure 2d (n ¼ 3; *Po0.05). These results demonstrate that expression of the M3R is markedly suppressed in A253 cells and indicate that this suppression is due to hypermethylation of the M3R gene.
Rescue of M3R Function by 5-Aza-CdR Treatment
The increased level of M3R protein on 5-Aza-CdR treatment was further confirmed by confocal microscopy. Although the M3R was highly expressed in both membrane and cytosolic preparations of HSG cells (Figure 3a) , the M3R was barely expressed in A253 cells (Figure 3b ). However, after 3 days of treatment of A253 cells with 10 mM 5-Aza-CdR, the expression level of the M3R was markedly increased in both membrane and cytosolic preparations (Figure 3c ). We next measured the magnitude of the intracellular free Ca 2 þ 
Hypermethylation of the CpG Island in A253 cells
Our data demonstrate that hypermethylation, possibly in CpG islands, may have occurred in the M3R gene in A253 cells. Thus, we next examined the global DNA methylation levels in A253 cells, both before and after treatment with 5-Aza-CdR. We extracted genomic DNA from 5-Aza-CdRtreated and -untreated A253 cells, and then quantitatively determined the 5-methylcytosine content in the isolated genomic DNA. Untreated A253 cells exhibited significantly higher 5-methylcytosine content compared with HSG cells ( Figure 5a ). However, treatment of A253 cells with 5-Aza-CdR reduced their 5-methylcytosine content; moreover, this reduction was proportional to the length of the incubation period. After 2 days of treatment with 5-Aza-CdR, the 5-methylcytosine content of A253 cells was significantly reduced to a level similar to that detected in HSG cells (n ¼ 3; *Po0.05; **Po0.01; ***Po0.001). This result indicates that A253 cells (a salivary gland tumor cell line) are hypermethylated compared with HSG cells. The methylation status of the M3R CpG island was further investigated by methylation-specific PCR using DNA isolated from HSG, A253, and 5-Aza-CdR-treated A253 cells. 5-Aza-CdR treatment induced a strong unmethylation-specific band, which was not observed in untreated A253 cells (Figure 5b ). This finding suggests that the expression level of the M3R is at least partially regulated by the methylation status of the M3R CpG island region.
Bisulfite Sequencing of the M3R CpG Island before and After 5-Aza-CdR Treatment We next studied the methylation pattern within the M3R CpG island in A253, human cancer tissue, and SGT cells, before and after treatment with 5-Aza-CdR. PCR products were cloned into pCR2.1-TOPO, and five separate clones were sequenced. The DNA methylation status of each clone was determined by analyzing the sequence of the CpG island in the human M3R. We observed 14 CG pairs, located þ 235 to þ 649 base pairs away from the start codon of exon 8, a coding region in the M3R gene (Figure 6a ). In untreated A253 cells (the left panel in Figure 6b ), all CG pairs were methylated, from the 1st to 14th CG pair. 5-Aza-CdR treatment (the right panel in Figure 6b ) demethylated one of the methylated CG pairs (Figure 6b) . We next examined the methylation pattern of M3R CpG island from human cancer tissue (Figure 6c) . Interestingly, the result was very similar to those of A253 cells. We found that all CG pairs in M3R CpG island were also methylated (the left panel in Figure 6c ). Compared with the cancer tissue, only one or two methylated CG pairs were observed in normal human tissue (the right panel in Figure 6c ). Another salivary gland tumor cell line, 
Epigenetic alteration of M3R in salivary glands
Y-H Shin et al SGT, showed the similar methylation pattern. Most of the CG pairs were methylated, except 1st, 6th and 7th (the left panel in Figure 6d ). 5-Aza-CdR treatment also demethylated some methylated CG pairs (the right panel Figure 6d) . These results indicate that CpG island in M3R is hypermethylated in cancer cell lines including A253 and SGT and human cancer tissues compared with normal tissues.
DISCUSSION
Epigenomic studies are well established and have been successfully applied to screen for novel candidate genes in many types of human cancer. [24] [25] [26] [27] Abnormal gene expression in tumor cells may result from alterations in copy number, sequence mutations, and/or epigenetic dysregulation. Malignant cancer cells have been shown to exhibit major disruptions in their DNA methylation profiles, and these changes have also been shown to include aberrant hypermethylation or hypomethylation of gene CpG islands. 28 Here we employed an epigenetic strategy and compared the A253, SGT and HSG cell lines. The A253 and SGT cell lines were originally derived from a human submandibular gland tumor 21 , and salivary gland adenocarcinoma tissue, 29 and have been used to study secretory mechanisms such as chloride transport 30 and intracellular signal transduction pathways. 31 Although A253 cells possess b-adrenergic and P 2 -purinergic receptors, they lack the functional expression of a-adrenergic or muscarinic cholinergic receptors. 32, 33 Thus, in contrast to HSG cells, A253 cells do not respond to CCh, which normally increases [Ca 2 þ ] i . SGT cells do not respond to CCh either (data not shown). The M3R, a GPCR, belongs to the largest transmembrane receptor superfamily of muscarinic receptors and is expressed in both humans and mice. The M3R is characterized by a seven-transmembrane a-helix structure and is comprised of 8 exons, with the receptor-coding sequence located within exon 8. 34, 35 In general, the binding of a ligand to its cognate GPCR elicits Ca 2 þ and/or PKC signaling cascades that induce the expression of genes required for multiple fundamental functions, including exocrine and endocrine secretion, smooth muscle and cardiac muscle contraction, pain transmission, fluid homeostasis, blood pressure regulation, and immune responses. 35 The M3R is well established to have a key role in fluid secretion by increasing [Ca 2 þ ] i . However, the expression pattern and function(s) of the M3R are still poorly understood, especially in salivary gland tumor cells such as A253 cells. We hypothesized that the mechanism of suppression of M3R function might involve hypo-and/or hypermethylation of the M3R gene in salivary gland tumor cells. In our study, 5-Aza-CdR treatment demethylated methylated CG pairs at the 4th, 7th, 8th, and 11th sites in A253 cells and at the 3rd, 5th, 8th, 9th, 10th, 11th, and 13th sites in SGT cells. Similarly, all CG pairs were methylated in cancer tissue, but 5th, 6th, 7th, 8th, 12th, and 13th CG pairs were demethylated in normal tissue. This treatment also rescued M3R function, as demonstrated by the CCh-induced calcium response observed in A253 cells. Our results are also consistent with previous studies. The CpG island of the 14-3-3 s gene in salivary gland adenoid cystic carcinoma cells was found to be methylated inside the exon, whereas HSG cells showed very a limited pattern of hemimethylation in the 14-3-3 s gene. Methylation occurring at CpG sites inside the exon, a coding region, has been shown to significantly reduce the expression of 14-3-3 s. 36 Therefore, it is highly likely that internal methylation within an exon, a coding region, can affect the DNA-binding activity of transcription factors; moreover, inhibition of this methylation is likely to correlate with increased expression of the relevant gene. We found that any demethylation occurring at 14 methylated CG sites was sufficient to increase the transcriptional activity of the M3R gene, resulting in increased M3R protein expression and increased M3R function. However, it is not yet clear whether methylated CG pairs among the 14 CG sites are functionally specific or whether any site of CG demethylation is sufficient to restore M3R function.
To the best of our knowledge, this is the first study reporting that 5-Aza-CdR can epigenetically regulate the expression and function of the M3R found in salivary gland tumor cells. 5-Aza-CdR is a pyrimidine nucleoside analog that strongly inhibits DNMT activity, and is one of the strongest known inhibitors of DNA methylation. Several lines of evidence have indicated that demethylation of gene-specific sequences is associated with cell differentiation. 37 At low concentrations of 5-Aza-CdR, an immortalized normal human salivary gland duct cell line lacking the expression of aquaporin 5 was shown to acquire aquaporin 5 expression and significantly increased net fluid secretion. 38 Also, the 5-Aza-CdR to murine aging model C57BL/6CrSlc mice increased the volumes of salivary flow compared with those of control mice. 39 In conclusion, the results of this study strongly suggest that 5-Aza-CdR-mediated demethylation in the M3R CpG island induces M3R gene expression in A253 cells, a salivary gland tumor cell line, thereby increasing the level of the M3R protein. This increased level of M3R protein restores M3R function, as evidenced by the increased [Ca 2 þ ] i response to CCh stimulation. These results suggest that hypermethylation of M3R induces the functional defect of abnormal [Ca 2 þ ] i response in A253 cells compared with HSG, thus it might attenuate the secretion of saliva in patients with salivary gland tumors. Also, the loss of M3R function by hypermethylation may relate with S1P-specific GPCR because S1P1, 2, 3, and 4 receptors exist in A253 cells, whereas HSG cells show S1P1, 2, and 3 receptors only. Because S1P4 shows a limited distribution and is found only in the lymph nodes, spleen, lungs, and thymus, the expression of S1P4 in A253 cells is interesting. 40 Thus, further investigation of the relationship between S1P receptors and suppressed function of M3R in salivary gland tumor may be valuable for the development of a target-specific approach for salivary gland tumor treatment. As low doses of 5-Aza-CdR have been used to treat patients with myelodysplastic syndrome and have been shown to be well tolerated by this group of patients 41 , this drug might be an effective therapeutic option for patients with salivary gland tumors.
